LIST OF GRAPHICAL MATERIALS

INTRODUCTION
In response to numerous complaints received by utility program managers about the performance of certain ENERGY STAR ® lighting products promoted within their service territories, combined with the lack of industry-wide testing or self-policing mechanism, the Program for the Evaluation and Analysis of Residential Lighting (PEARL) was created. PEARL consists of utilities, energy efficiency advocates, and market transformation organizations. The Lighting Research Center (LRC) at Rensselaer Polytechnic Institute in Troy, NY administers the program and performs the testing.
The ENERGY STAR labeling program for residential lighting products merely requires data submission and certification by the product manufacturers. Product samples tested are "self-picked" by the manufacturer. No follow-up testing on actual products purchased from retail is required by ENERGY STAR. In addition, no centralized data review or challenge process exists within the lighting industry relative to the performance of residential ENERGY STAR lighting products.
This final report summarizes the experimental procedure and results of all cycles (Cycles 1 through 8) of PEARL program from the beginning of year 2000 to the end of 2007, along with the description of apparatus used, equipment calibration process, experimental methodology, and research findings from the testing. The experimental process includes procuring and receiving product samples, random selecting samples for different testing categories, testing the samples in the corresponding apparatus and collecting data using automated data acquiring system, compiling the data and analyzing the data against the Energy Star specifications, and reporting the results to PEARL board. For results on other parameters please refer to the final reports included in Appendix 3.
EXPERIMENTAL
Apparatus
Please refer to Appendix I of this document for description of apparatus used for testing in PEARL program.
Apparatus Calibration LRC integrating sphere system was calibrated when necessary. The following is a list of the calibration dates:
Product Selection
In each cycle of PEARL program, PEARL Board members select a list of Energy Star qualified CFL and RLF models that are popular on the retail market or that have quality concerns either due to reported quality problems or due to massive rebate programs rendered on these models. In Cycle 5, Cycle 7, and Cycle 8, no fixture models were selected. Occasionally, PEARL selects a few non-Energy-Starqualified CFL models for comparison purposes. The list of selected CFL and RLF models goes through a few rounds of revisions based on the actual availability of the product samples and on the change of the list of qualified models on Energy Star website. Totally 185 models of CFL and 52 models of RLF were tested in PEARL program.
Product Purchasing and Sampling
After selecting the CFL models and RLF models to test, PEARL sponsors procure product samples for each selected model from different stores and locations in the retail market and send them to LRC for testing. Due to similarity of different product models and human errors in procuring process, a number of incorrect samples were purchased and sent to LRC in every cycle. LRC examined all samples at the time of receiving in order to obtain the correct ones. In some cases, the LRC also purchased some product samples that the sponsors weren't able to procure.
After receiving and inventory of the CFL samples, the LRC randomized the samples, separated a certain number (three in Cycles 1 and 2, five in Cycles 3, 4, and 5, and ten in Cycles 6, 7, and 8) of samples as photometric and electrical testing samples, and six samples as Rapid Cycle Stress Test samples (except for Cycle 1 when Rapid Cycle Stress Test was not in Energy Star specification yet), and then installed the samples on life testing rack and rapid cycle stress testing rack respectively.
For the RLF models, only two samples were purchased for each model so randomized selection was not necessary.
Totally more than 3000 CFL samples and more than 100 RLF samples were purchased for the testing purpose of this program, from which 2375 CFL samples and 52 RLF samples were tested.
Product Testing
After receiving and sampling the product samples, LRC then test them in the corresponding apparatus against Energy Star specifications. Testing data were collected manually and/or by automated data acquiring system. samples of each models were tested for their photometric and electrical parameters only; in Cycle 2, 1000-hour Lumen Maintenance and the Rapid Cycle Stress Test was added and an additional set of six samples of each models were tested for Rapid Cycle Stress Test. Also, Cycle 2 data analysis included the testing and verification results against both the "then existing" specification dated 2000 and the "then new" specification dated 8/9/2001. In Cycle 3, Lumen Maintenance at 40% life was added and the number of samples for photometric and electrical testing was increased to five. In Cycle 6, the number of samples for photometric and electrical testing increased again to ten so that five of them were tested in base-up position and five in base-down position.
In different PEARL cycles, the ENERGY STAR CFL specifications which the LRC tested the product samples against are: 
RESULTS AND DISCUSSION
Of all the parameters tested, four parameters for the CFL models were considered as more important from consumers' point of view: Efficacy, 1000-hour Lumen Maintenance, Lumen Maintenance at 40% Rated Life, and Rapid Cycle Stress Test. At the time of this report, some of the CFL models in Cycle 8 are still being seasoned toward their 40% rated life. For Cycle 8, the results of Lumen Maintenance at 40% Rated Life and Interim Life Test are not included in this report.
Out of all 185 CFL models tested, 171 models (92%) met the Efficacy requirement.
For the 172 CFL models tested for 1000-hour Lumen Maintenance and Rapid Cycle Stress Test in Cycles 2 through 8, 119 models (69%) met the 1000-hour Lumen Maintenance requirement, and 125 models (73%) met the Rapid Cycle Stress Test requirement. Out of the 124 CFL models tested for Lumen Maintenance at 40% Rated Life in Cycles 3 through 7 (Cycle 8's 40% rated life seasoning is ongoing), 89 models (72%) met this requirement. Figure 1 shows the percentage of CFL models meeting these four requirements across different cycles of PEARL program. Figure 2 shows the percentage of CFL models meeting these four requirements across different bulb types: Bare, Covered, and Reflector. The overall quality of CFL models tested in PEARL program has improved over the eight cycles of testing, as we can see from Figure 1 . The covered and reflector type CFL models are more difficult to meet the lumen maintenance requirements, and this is especially true for reflector type CFL models, as shown in Figure 2 .
Out of 43 indoor RLF models tested, 39 models (91%) met the Lamp and Ballast Efficacy requirement, and 33 models (77%) met the Lamp Start Time requirement. Figure 3 shows the percentage of indoor RLF models meeting these two requirements across different cycles of PEARL program. The overall quality of RLF models tested in PEARL program has also improved over the five cycles of fixture testing, as we can see from Figure 1 .
Other than the parameters required in Energy Star specifications, PEARL also examined other quality problems of the product samples, such as cracked glass on the reflector lamp, bulb color change during operation, initial electrical failures of the ballast, and inconsistent components for samples of the same model number.
All testing results are presented in the final reports of different PEARL cycles, along with discussions of other quality problems that LRC found about the products during the testing and some recommendations on possible modifications to ENERGY STAR specifications. For more details please refer to the final reports of different PEARL cycles in Appendix 3. Integrating Sphere System (ISS)
The main apparatus in Lamp Testing Room is an Integrating Sphere System (ISS). The ISS consists of following items/instruments: The calibration procedure enables the integrating sphere system (ISS) to measure photometric output of test lamps. The process involves the determination of the relative spectral response of the ISS and normalization of the photometric output to a known flux standard(s). The relative spectral response is determined by comparing a spectral irradiance standard with the system response to the standard. This is done over the desired range of wavelengths. Once the relative spectral response is determined the flux standard(s) is used to normalize the system output to the known photometric output of the standard.
Standard lamps used for calibration
The following spectral/flux standards were used in the calibration process. All standards are traceable to NIST. Working standard lamp to be calibrated The following lamp was calibrated for luminous flux using the calibrated ISS. • Computer controlled data acquisition system (using GPIB)
Sphere Calibration Procedure
The whole calibration process involves three steps:
− Wavelength calibration − Relative spectral response calibration − Flux calibration
Wavelength calibration
The monochromator system is pre-calibrated for wavelength. The experimental procedure was to determine possible changes in the pre-calibration due to shipping/handling etc.
The spectral (HgCd/10) lamp was mounted at the center of the sphere. It was turned on and stabilized for about 20 minutes before the test. The stabilization was determined by monitoring the lamp current for a certain amount of time, and the lamp was considered as stabilized when the variation of lamp current was less than 1% within this period of time. A spectral scan from 360 to 650 nm at 0.2 nm intervals was taken using the monochromator system. Known spectral peaks for Hg and Cd were compared against the measured peaks. See Figure 2 .
Relative Spectral Response Calibration The relative spectral response of the ISS was determined using the spectral irradiance standard lamp 94406. The spectral data for the lamp were imported to the software program (software supplied by Optronic Laboratories).
The DC power supply was used to power up the lamp. The current limit was set at 7.204 A, and the power supply was operated at the constant current (CC) mode. The DC voltage across the shunt was monitored using the Data acquisition/switch unit to maintain the lamp current. The lamp voltage was measured using the multimeter. Lamp was stabilized for about 15 minutes before the scan. The room temperature was recorded at regular intervals.
A spectral scan from 350 to 800 nm was taken using the double monochromator system. The relative spectral response of the system is the ratio of the standard spectral data of the lamp to that of scanned data (the software program does the math automatically) for the wavelength range from 350 to 1100 nm. Figure 4 illustrates the system spectral response calibration curve.
Even though there was a slight discrepancy (figure 3) in the measured spectral power distribution of the spectral standard (94406) around 600 nm region, it produced close results of the reported CCT and chromaticity coordinates. Therefore the error introduced by placing the lamp inside the sphere is assumed negligible.
Flux calibration
The flux calibration was done using two flux standards RPI_2 and RPI_3 (calibrated at NIST). The lamp (RPI_2) was mounted at the center of the sphere. The DC power supply was used to power up the lamp. Current was set at 5.728 A, and the power supply was run at the CC mode. Lamp was stabilized for about 15 minutes before the test. The lamp current was monitored using the Data acquisition/switch unit to maintain the lamp current. The lamp voltage was measured using the multimeter. The room temperature was recorded at regular intervals.
A spectral scan from 350 to 1100 nm was taken using the double monochromator system. The same procedure was repeated for the lamp RPI_3. Photometric calculations were performed using the software program. The photometric output for each lamp was used to obtain the normalization factor to find the absolute luminous flux.
The flux standard RPI_1 was tested using the calibrated ISS to check the calibration. The lamp was operated using the same DC power supply similar to the manner described above for RPI_2 and RPI_3 at the specified current of 5.725 A.
Calibration of the working standard
The working standard was calibrated using the calibrated ISS. The lamp (working standard) was mounted at the center of the sphere. The DC power supply was used to power up the lamp. Current was set at 5.728 A, and the power supply was run at the CC mode. Lamp was stabilized for about 15 minutes before the test. Stabilization was determined by monitoring the lamp current. When the lamp current changes less than 0.01% within 3 minutes, the lamp is considered as stable in its current and its light output. The lamp current was monitored using the Data acquisition/switch unit to maintain the lamp current. The lamp voltage (29.468 V, at the lamp leads about 6 inches away from the actual lamp terminals) was measured using the multimeter. The room temperature was recorded at regular intervals.
A spectral scan from 350 to 800 nm was taken using the double monochromator system. Photometric calculations were performed using the software program.
The auxiliary lamp (12 V, Quartz halogen) was used to determine the selfabsorption factor for flux standards. The DC power supply was used to power up the lamp. Current was set at 2.869 A, and the power supply was run at the CC mode. Lamp was stabilized about 10 minutes before the test. Two spectral scans from 380 to 800 nm were taken with and without the unlit flux standard RPI_1 inside the sphere. The software program was used to determine the numerical sum of each scan, and the ratio was used as the self-absorption factor.
Other Equipment 
